The phytotoxic potential of plants and their constituents against other plants is being increasingly investigated as a possible alternative to synthetic herbicides to control weeds in crop fields. In this study, we explored the phytotoxicity and phytotoxic substances of Schumannianthus dichotomus, a perennial wetland shrub native to Bangladesh, India, and Myanmar. Leaf extracts of S. dichotomus exerted strong phytotoxicity against two dicot species, alfalfa and cress, and two monocot species, barnyard grass and Italian ryegrass. A bioassay-driven purification process yielded two phenolic derivatives, syringic acid and methyl syringate. Both constituents significantly inhibited the growth of cress and Italian ryegrass in a concentration-dependent manner. The concentrations required for 50% growth inhibition (I 50 value) of the shoot and root growth of cress were 75.8 and 61.3 µM, respectively, for syringic acid, compared with 43.2 and 31.5 µM, respectively, for methyl syringate. Similarly, to suppress the shoot and root growth of Italian rye grass, a greater amount of syringic acid (I 50 = 213.7 and 175.9 µM) was needed than methyl syringate (I 50 = 140.4 to 130.8 µM). Methyl syringate showed higher phytotoxic potential than syringic acid, and cress showed higher sensitivity to both substances. This study is the first to report on the phytotoxic potential of S. dichotomus and to identify phytotoxic substances from this plant material.
Introduction
The success of agricultural production depends on the efficient management of different stress factors, including weed infestation. Around 7000 weed species have been recognized so far, and possibly a couple of hundred cause problems in agricultural production [1] . Using natural compounds to control weeds has long been accepted as an environmentally friendly approach, but during the last four decades, farmers have mostly relied on toxic synthetic agrichemicals [2] . However, in recent years, demand for organic farming has markedly increased all over the world. This system aims to grow crops using natural products rather than external inputs, enhancing the reduction of toxic residues and providing safe food [3, 4] . To ensure sustainable organic farming, it is essential to use diversified techniques to control weeds rather than synthetic herbicides. Plant species capable of suppressing the growth of other plants are excellent resources for weed control and could revolutionize sustainable agriculture [5, 6] . The ability of plants to suppress the growth of other plants is governed by their allelopathic potential [7] [8] [9] . Allelopathy is an interference mechanism in which plants or their dead parts release biochemicals known as allelochemicals that exert adverse effects (phytotoxicity) against the associated plants [10, 11] . The investigation of phytotoxic potential provides useful clues in analyzing new models of natural herbicides [12, 13] . Several plant materials and their identified allelochemicals have been reported to possess a satisfactory phytotoxic potency to act as natural herbicides [14, 15] . In fact, some allelochemicals are already being used in biopesticide formulations [16, 17] .
Schumannianthus dichotomus (Roxb.) Gagnep, commonly known as 'Murta' in Bangladesh, belongs to the Marantaceae family [18] [19] [20] . The species is also found in India, Myanmar, Thailand, Vietnam, Malaysia, and the Philippines [21, 22] . It is a shrub with dichotomously branched stems and grows up to 3-5 m tall with oblong, lanceolate leaves [23, 24] . The shrub is a shade-loving plant and prefers soil with high moisture [25] . Nevertheless, it is commercially grown in the north-eastern parts of Bangladesh and in some parts of India [26] . A substantial proportion of the rural population in the Sylhet region of Bangladesh supports their livelihood by making handicrafts from S. dichotomus [27] . A long strip obtained from the bark of mature S. dichotomus is used as raw material for those handicrafts, especially for preparing traditional bed mats (known as 'Sital pati' in the local language) [28] , which are durable and very comfortable during summer [29] .
Some studies have revealed that there are no significant pests or disease infestations in fields growing S. dichotomus and that the plant can be cultivated with minimal or no intercultural operations including weeding [18, 30] . The hardy nature of S. dichotomus attracted our attention, and we anticipated that this plant material might have some phytotoxic potential that allows successful growing conditions with minimal weeds growing around it. Although some research has been carried out on the phytotoxic potential of different species belonging to the Marantaceae family, to the best of our knowledge, there have been no reports on either the phytotoxic effect or the phytotoxic substances responsible for the phytotoxicity of S. dichotomus. Therefore, the aim of our study was to investigate the allelopathic potential of S. dichotomus leaves and the compounds responsible for its phytotoxicity.
Results

Phytotoxic Activity of S. dichotomus Leaf Extracts
To evaluate the phytotoxic potential of the leaf extracts of S. dichotomus, a growth bioassay was conducted against four test plants: alfalfa, cress, barnyard grass, and Italian ryegrass. The aqueous methanolic extracts of S. dichotomus markedly inhibited the shoot and root growth of all the tested plant species. The strength of the phytotoxicity of the extracts greatly varied by concentration and test plant.
The growth of all the tested plants declined with increasing extract concentration ( Figures 1 and 2 ). Significant inhibition of all the test plants started with 0.01 g dry weight equivalent extract/mL. At the concentration of 0.1 g dry weight equivalent extract/mL, the shoot and root growth of cress was completely inhibited. When the concentration was increased to 0.3 g dry weight equivalent extract/mL, the shoot lengths of alfalfa, barnyard grass, and Italian rye grass were stunted to 4.5%, 10.0%, and 11.4% of control, respectively. At the same concentration, the root lengths of alfalfa, barnyard grass, and Italian rye grass were reduced to 1.2%, 1.4%, and 2.4% of the control root length, respectively. The I 50 values of the extracts against the test plants ranged from 5.7 to 58.9 mg dry weight equivalent extract/mL (Table 1) . Comparing I 50 values, the seedling growth of cress (I 50 = 5.7-7.3 mg dry weight equivalent extract/mL) was most susceptible to inhibition, whereas the shoot growth of barnyard grass (I 50 = 58.9 mg dry weight equivalent extract/mL) and the root growth of Italian rye grass (I 50 = 25.9 mg dry weight equivalent extract/mL) were most resistant to inhibition by the extract of S. dichotomus.
Figure 1.
Effect of Schumannianthus dichotomus extracts on the shoot and root growth of alfalfa, cress, barnyard grass, and Italian rye grass. All the test plant species were treated at the concentrations of 0.001, 0.003, 0.01, 0.03, 0.1, and 0.3 g dry weight equivalent extract of S. dichotomus/mL. Values represent mean ± SE of two independent experiments with three replications for each treatment (number of seedlings per treatment = 10, n = 60). Each vertical bar represents standard error of the mean. Asterisks indicate significant differences between treatment and control: * p ˂ 0.05, ** p ˂ 0.01, and *** p ˂ 0.001. 
Identification of Phytotoxic Compounds and Their Growth-Inhibitory Effect
The crude ethyl acetate fraction was repeatedly fractionated over a series of column chromatographic phases using silica gel, Sephadex LH-20, and a C 18 cartridge, and the fraction was finally purified using reverse-phase HPLC to yield two phytotoxic substances (Compounds 1 and 2). Compounds 1 and 2 were characterized as syringic acid and methyl syringate, respectively, by comparing the spectral and optical rotation data with previously reported data ( Figure 3 ). Consequently, syringic acid and methyl syringate were assayed against cress and Italian ryegrass to confirm their phytotoxic properties. Data obtained from the assay showed that both compounds severely affected the seedling growth of cress and Italian ryegrass (Figures 4-7) . The degree of inhibition by the compounds increased with increasing concentration, indicating dose-response behavior. Syringic acid and methyl syringate significantly inhibited the seedling growth of cress at concentrations of 30 and 3 µM, respectively (Figures 4 and 5 ). At the concentration of 300 µM, methyl syringate completely inhibited the seedling growth of cress, while the same concentration of syringic acid arrested the shoot and root growth of cress to 7.5% and 5.6% of control, respectively. On the other hand, syringic acid and methyl syringate significantly inhibited Italian rye grass at a concentration of 100 µM ( Figures 6  and 7 ). At the highest concentration of 1000 µM, the shoot and root growth of Italian rye grass was inhibited to 22.4%-19.0% and 8.0%-9.8% of the corresponding control treatment, respectively. The I 50 values of syringic acid for the shoot and root growth of cress were 75.8 and 61.3 µM, respectively, and were around 2.8 times higher for Italian ryegrass at 213.6 and 175.8 µM, respectively (Table 2) . Likewise, for methyl syringate, the I 50 values were 140.4 and 130.8 µM for Italian rye grass, which were around 3.2 and 4.2 times higher than those values for the cress shoots (43.2 µM) and roots (31.5 µM), respectively. Based on the I 50 values of the compounds, it was evident that methyl syringate had a greater inhibitory effect on both the test plants compared with syringic acid. Moreover, the shoot and root growth of cress showed greater sensitivity than Italian ryegrass to both compounds, and thereby showed species-specific growth-inhibitory activities. 
The crude ethyl acetate fraction was repeatedly fractionated over a series of column chromatographic phases using silica gel, Sephadex LH-20, and a C18 cartridge, and the fraction was finally purified using reverse-phase HPLC to yield two phytotoxic substances (Compounds 1 and 2) . Compounds 1 and 2 were characterized as syringic acid and methyl syringate, respectively, by comparing the spectral and optical rotation data with previously reported data ( Figure 3 ). Consequently, syringic acid and methyl syringate were assayed against cress and Italian ryegrass to confirm their phytotoxic properties. Data obtained from the assay showed that both compounds severely affected the seedling growth of cress and Italian ryegrass (Figures 4-7) . The degree of inhibition by the compounds increased with increasing concentration, indicating dose-response behavior. Syringic acid and methyl syringate significantly inhibited the seedling growth of cress at concentrations of 30 and 3 μM, respectively (Figures 4 and 5) . At the concentration of 300 μM, methyl syringate completely inhibited the seedling growth of cress, while the same concentration of syringic acid arrested the shoot and root growth of cress to 7.5% and 5.6% of control, respectively. On the other hand, syringic acid and methyl syringate significantly inhibited Italian rye grass at a concentration of 100 μM ( Figures 6 and 7) . At the highest concentration of 1000 μM, the shoot and root growth of Italian rye grass was inhibited to 22.4%-19.0% and 8.0%-9.8% of the corresponding control treatment, respectively. The I50 values of syringic acid for the shoot and root growth of cress were 75.8 and 61.3 μM, respectively, and were around 2.8 times higher for Italian ryegrass at 213.6 and 175.8 μM, respectively ( Table 2) . Likewise, for methyl syringate, the I50 values were 140.4 and 130.8 μM for Italian rye grass, which were around 3.2 and 4.2 times higher than those values for the cress shoots (43.2 μM) and roots (31.5 μM), respectively. Based on the I50 values of the compounds, it was evident that methyl syringate had a greater inhibitory effect on both the test plants compared with syringic acid. Moreover, the shoot and root growth of cress showed greater sensitivity than Italian ryegrass to both compounds, and thereby showed species-specific growth-inhibitory activities. 
Discussion
This study showed the phytotoxic effects of aqueous methanol extracts of S. dichotomus. The leaf extracts of S. dichotomus significantly inhibited the seedling growth of all four tested plant species, alfalfa, cress, barnyard grass, and Italian ryegrass. The phytotoxic activity increased with increasing extract concentration and varied among the target species. Our findings corroborate studies by other researchers [31] [32] [33] , who showed the concentration-and test species-dependent growth-inhibitory effects of different plant extracts. These results indicated that the growth-inhibitory effect might be due to allelopathic substances within the plant extracts.
Purification of the most active fractions following phytotoxicity assays led to isolating and identifying two substances, syringic acid and methyl syringate. Both compounds are synthesized in plants through a series of enzymatic reactions via the shikimic acid pathway [34] . Syringic acid is a naturally occurring phenolic compound present in olives, pumpkin, grapes, and red wine [35, 36] , and possesses medicinally important properties such as anti-oxidant, anti-microbial, antiinflammatory, and anti-diabetic activities [37] . On the other hand, methyl syringate is the ester of syringic acid and can be obtained by condensation of the carboxyl group of syringic acid with methanol. Methyl syringate has been previously detected in Vitis vinifera vines, Cestrum parqui leaves, and Taraxacum formosanum roots [38] . It has also been reported as one of the abundant constituents of honey obtained from the nectar of plants such as sunflower, clover, and chestnut [39] . Methyl syringate shows some biological activities, including anti-oxidant and anti-radical activities [40, 41] . In addition, it was isolated from Betula alba as a strong aflatoxin-inhibitory component [42] . Notably, syringic acid and methyl syringate coexist in manuka honey and are used as chemical markers for a 
Purification of the most active fractions following phytotoxicity assays led to isolating and identifying two substances, syringic acid and methyl syringate. Both compounds are synthesized in plants through a series of enzymatic reactions via the shikimic acid pathway [34] . Syringic acid is a naturally occurring phenolic compound present in olives, pumpkin, grapes, and red wine [35, 36] , and possesses medicinally important properties such as anti-oxidant, anti-microbial, anti-inflammatory, and anti-diabetic activities [37] . On the other hand, methyl syringate is the ester of syringic acid and can be obtained by condensation of the carboxyl group of syringic acid with methanol. Methyl syringate has been previously detected in Vitis vinifera vines, Cestrum parqui leaves, and Taraxacum formosanum roots [38] . It has also been reported as one of the abundant constituents of honey obtained from the nectar of plants such as sunflower, clover, and chestnut [39] . Methyl syringate shows some biological activities, including anti-oxidant and anti-radical activities [40, 41] . In addition, it was isolated from Betula alba as a strong aflatoxin-inhibitory component [42] . Notably, syringic acid and methyl syringate coexist in manuka honey and are used as chemical markers for a purity test [43] . However, although syringic acid and methyl syringate have been reported in many plants, so far, they have not yet been reported in S. dichotomus.
The bioassay results of syringic acid and methyl syringate show that both substances have significant phytotoxic effects against cress and Italian ryegrass. In addition, cress showed higher sensitivity to both compounds compared with Italian ryegrass, and the degree of sensitivity varied by concentration. Several previous studies have also documented such concentration-and testspecies-dependent phytotoxicity of allelochemicals [44] [45] [46] . The different sensitivities of test species to an allelopathic substance mainly depend on the physiological and biochemical attributes of each test plant. [47] . The growth-inhibitory potentials of syringic acid and methyl syringate are also supported by other researchers, who documented strong phytotoxic activities of these compounds against different standard test plants [48] [49] [50] .
The I 50 values of the substances indicate that methyl syringate showed higher inhibitory activity compared with syringic acid. The difference in phytotoxicity may be due to the dissimilarity of their molecular structures because the phytotoxicity of allelopathic substances depends on their structural differences [51] [52] [53] . Syringic acid (a derivative of benzoic acid) consists of a single benzene ring with one OH group in the para position, two OCH 3 groups in the ortho and meta positions, and one COOH group. A study on structure-activity relationships revealed that the number and positions of OH and OCH 3 groups determine the phytotoxicity of benzoic acids [54] . Moreover, it has been reported that methoxy and hydroxy substituents in the benzene ring increase and decrease the phytotoxicity of benzoic acids, respectively [55] . Recently, some researchers [37] have reported that two methoxy moieties present in the ortho and meta positions of the benzene ring are responsible for the biological activity of syringic acid. Therefore, we assume that the two methoxy groups present in the benzene ring of syringic acid contribute to its phytotoxic potential.
In contrast, the structure of methyl syringate is similar to syringic acid except for an ester group that replaces the COOH group of syringic acid. Methylation of the carboxyl group confers a degree of lipophilicity to methyl syringate compared with the parent acid [56] . In the literature, the phytotoxic effect of phenolic compounds has been related to their lipophilic character. Substances that are more lipophilic tend to be more phytotoxic because they pass more easily through the cell membrane [57] . In addition, it has been proposed that herbicides should be formulated as esters because of their higher solubility in the waxes of the leaf surface, which in turn leads to increased uptake and, hence, phytotoxicity [58] . These studies may explain the higher phytotoxicity of methyl syringate over syringic acid. Moreover, the findings in one study [50] revealed the stronger phytotoxicity of methyl syringate against lettuce germination compared with syringic acid. Therefore, the growth-inhibitory properties of syringic acid and methyl syringate may contribute to the phytotoxic activity of S. dichotomus. Thus, it is reasonable to suggest that the phytotoxic properties of S. dichotomus enable this plant species to grow successfully with minimum weed infestation because of the suppression of adjacent plants by the release of phytotoxic substances.
Materials and Methods
Plant Materials
Mature leaves of Schumannianthus dichotomus (Roxb.) Gagnep were collected from Sylhet Sadar (24.8917 • N, 91.8833 • E), Sylhet, Bangladesh in August 2017. The collected leaves were properly washed and shed dried at ambient temperature. The dried leaves were then finely ground into powder using an electric grinder and maintained at 2 • C until use. Two monocot species [barnyard grass (Echinochloa crus-galli (L.) P. Beauv.) and Italian ryegrass (Lolium multiflorum Lam.)] and two dicot plant species [alfalfa (Medicago sativa L.) and cress (Lepidium sativum L.)] were chosen as test plants. Cress and alfalfa were selected for their familiar growth patterns, while barnyard grass and Italian ryegrass were selected for their worldwide distribution in crop fields.
Extraction and Bioassay
S. dichotomus leaf powder (100 g), obtained from the dried leaves of a single batch, was mixed with 500 mL 70% (v/v) aqueous methanol as described in previous literature [59] . The mixture was filtered using one layer of filter paper (No. 2, 125 mm; Toyo Ltd., Tokyo, Japan) after two days. An equal volume of cold methanol was added to the residue of the first extraction, kept for one day, and filtered again. Two extracts were then combined and dried in a rotary evaporator at 40 • C. The subsequent crude extract was dissolved in 250 mL methanol to prepare six concentrations (0.001, 0.003, 0.01, 0.03, 0.1, and 0.3 g dry weight equivalent extract/mL) to evaluate the possible phytotoxicity of S. dichotomus. These concentrations were obtained by placing an aliquot of methanol extract (1.5, 4.5, 15, 45, 150 , and 450 µL) on filter paper (No. 2, 28 mm; Toyo) in 28 mm Petri dishes, which was then dried completely. The filter papers in the Petri dishes were then soaked with 0.6 mL of 0.05% (v/v) aqueous solution of polyoxyethylene sorbitan monolaurate (Tween 20; Nacalai Tesque, Inc., Kyoto, Japan), and then 10 seeds and 10 seedlings of each of the dicot and monocot test species, respectively, were placed on the filter papers. Simultaneously, control treatments were set up with only 0.6 mL of 0.05% (v/v) aqueous solution of Tween 20. The dishes were kept in a tray, covered with polyethylene film and aluminum foil, and incubated in a growth chamber (25 • C, darkness). After 48 h of incubation, the lengths of the roots and shoots of those seedlings were measured and compared with the control seedlings.
Purification of the Active Substances
A total of 2 kg powdered S. dichotomus sample was extracted as described in the extraction procedure. The extracts were then evaporated using a rotary evaporator (40 • C) to yield a concentrated crude extract. The crude extract was then suspended in distilled water, and the solvent was adjusted to pH 7.0 using 1 M phosphate buffer followed by partitioning four times with an equal volume of ethyl acetate. A growth bioassay was conducted with the obtained aqueous and ethyl acetate fractions against cress as described above. The ethyl acetate fraction showed stronger activity; therefore, a bioassay guided purification procedure [60] was followed for purification of active substances. First, the dried crude mass was separated by chromatography using a silica gel column (60 g of silica gel 60, spherical, 70-230 mesh; Nacalai Tesque, Inc.), and eluted stepwise with n-hexane (150 mL per step) containing increasing amounts of ethyl acetate (10% per step, v/v) from 20% to 80%, ethyl acetate (150 mL per step), and methanol (300 mL per step).
The results from the cress bioassay showed that the fractions obtained with 60% and 70% ethyl acetate in the n-hexane possessed the highest biological activity. These two active fractions were then combined and chromatographed in a Sephadex LH-20 column (GE Healthcare Bio-Sciences AB, SE-751 84 Uppsala, Sweden) and stepwise eluted with 20%, 30%, 40%, 50%, 60%, and 80% (v/v) aqueous methanol (150 mL per step) and methanol (300 mL per step). The highest activity was found with the 40% aqueous methanol fraction, which was then loaded onto a reverse-phase C 18 cartridge. The cartridge was eluted with 20%, 30%, 40%, 50%, 60%, and 80% (v/v) aqueous methanol (15 mL per step) and methanol (30 mL per step). The components of the most phytotoxic fraction (obtained with 40% aqueous methanol) were separated using reverse-phase HPLC (500 × 10 mm I.D. ODS AQ-325; YMC Ltd., Kyoto, Japan) at a flow rate of 1.5 mL/min with 45% aqueous methanol (detection wavelength: 220 nm, temperature: 40 • C) to obtain two inhibitory substances. Compounds 1 and 2 were isolated at the retention times of 120-130 and 135-145 min, respectively, and the substances were again purified using reverse-phase HPLC on an ODS column (4.6 × 250 mm I.D., S-5 µm, Inertsil ® ODS-3; GL Science Inc., Tokyo, Japan) using 30% aqueous methanol as a mobile phase at a flow rate of 0.8 mL/min. Compounds 1 and 2 were obtained at retention times of 50-60 and 60-70 min, respectively, at a wavelength of 220 nm. The substances were characterized using HRESIMS and 1 H-NMR.
Finally, comparing obtained spectral data (Table S1 ) with previously published data [61, 62] , compounds 1 and 2 were characterized as syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid) and methyl syringate (methyl 4-hydroxy-3,5-dimethoxybenzoate), as shown in Figure 3 .
Bioassay of the Isolated Compounds
The isolated compounds were dissolved in 1 mL of methanol and placed in 28 mm Petri dishes containing filter paper to obtain the final assay concentrations of 1, 3, 10, 30, 100, 300, and 1000 µM. After the filter paper was completely dry, it was soaked with 0.6 mL of 0.05% (v/v) aqueous Tween 20 solution. Ten homogenous seeds of cress were placed in each Petri dish and maintained in a growth chamber under constant darkness at 25 • C. The shoot and root lengths of the cress seedlings were recorded after 48 h of growth and compared with the control seedlings.
Statistics
The bioassay experiment was conducted in a completely randomized design with three replications and two repeats. For all of the assays, SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. ANOVA (analysis of variance) followed by Tukey's test at a significance level of 0.05 was used to evaluate differences among means. The concentration required for 50% growth inhibition (I 50 value) was calculated using a regression equation of the concentration-response curves, and these values were compared for identified compounds by a paired t-test.
Conclusions
The results of this study showed that S. dichotomus has strong phytotoxic potential, suppressing the shoot and root growth of alfalfa, cress, barnyard grass, and Italian ryegrass. Two phytotoxic substances, syringic acid and methyl syringate, were isolated from the aqueous methanol extracts of the leaves of S. dichotomus. Syringic acid and methyl syringate significantly inhibited the growth of cress and Italian ryegrass. This report is the first on the phytotoxic potential of S. dichotomus with suspected phytotoxic substances. Our work indicated the possibility of using S. dichotomus as a source to manage weeds.
Supplementary Materials:
The following are available online at http://www.mdpi.com/2223-7747/9/1/102/s1, Figure S1 : Chromatogram of compound 1, Figure S2 : Chromatogram of compound 2, Table S1 : Spectral data of compounds 1 and 2. Funding: This study was funded by a MEXT scholarship (Grant number is MEXT-173591) from the Government of Japan to conduct the research in Japan.
